Introduction
The replacement of damaged joints is now a commonly performed procedure, stabilization of the joint being achieved by frictional and elastic forces of the implant/tissue interface. The use of polymethylmethacrylate as a 'grout' results in uniform contact of the artificial joint with the bone and therefore reasonably good stress transfer from the implant to the bone.
Total hip replacement, in particular, has proved to be a successful procedure for relief of pain and the restoration of function in the elderly patient. In consequence, the operation is now being carried out in younger and more active patients with an ominous increase in the incidence of implant loosening. Finite element analysis, a computer technique for estimating stresses mathematically, has demonstrated the inadequacy of current acrylic cements to maintain the integrity of fixation of the stem type of hip replacement system (McNeice & Amstutz 1975) . Interface shear stresses have been found to be within the range of stress created in the active patient. Evidence of loosening between the stem and cement has been observed (Fornasier & Cameron 1976) and mechanical failure modes have been described (Cameron & McNeice 1980) . The main problem -with cement is that a loose, cemented prosthesis produces severe damage to the surrounding bone.
This problem with acrylic cement has resulted in the development of alternative methods of implant stabilization. Porous systems, which allow tissue ingrowth, have been studied by a number of investigators, including Smith (1963) with ceramics, Galante et al. (1971) with metal fibre systems, and Hirschom & Reynolds (1969) with fully powder-made metal parts.
The requirements of heavy loading over a long period of time suggested the use of a composite system consisting of a solid load-bearing metal core to provide the high strength and toughness, with a porous metal surface to allow tissue ingrowth. It is proposed in this communication to review the essential design considerations for such a microporous implant.
Materials and methods
The material chosen was the biologically compatible and extremely inert cobalt-chromium molybdenum alloy. The metal powder used for surface coating was of the same composition and was prepared by inert gas atomization. The powder was applied as an aqueous slurry in a methyl cellulose binder and was sintered in a hydrogen atmosphere furnace (Welsh et al. 1971) . By varying the size of the particles, a very wide range of pore sizes could be produced. Initially the pore size chosen was 50-100 Jl because, for a given volume percent porosity, the greater the number of contact points the tougher is the coating/substrate metal bond;' 35 volumes percent porosity was chosen as an optimization of strength and ingrowth characteristics.
Bench testing was carried out to determine the interface shear strength and fatigue resistance before and two years after implantation. The chemical reactivity of the system was also evaluated by potentio/kinetic measurements in an electrochemical cell containing one normal sulphuric acid electrolyte.
Biological testing was undertaken to test toxicity and bone ingrowth under varying conditions of stress and movement. The optimum pore size and shape were determined and an attempt was made to remove the implants by ultrasonic vibration. The phenomenon of stress shielding was also examined.
Following encouraging results with a porous-coated shoulder, a hip prosthesis was developed using a pore size of 50-100 u. Thirty-four patients initially received these implants and have been followed for three years.
Results and discussion

Mechanical testing
The interface shear strength between the porous coat and the substrate metal was found to be in the order of 28 MN/m 2 (Pilliar et al. 1975) , with some variation due to random powder particle arrangement at the interface, but shear strengths greater than 14 MN/m 2 were always observed. The observed fatigue limit for this interface was 10 MN/m 2 • This means that for loads below this level, failure of the system should not occur. During the normal walking cycle, shear stresses at the conventional artificial hip/bone interface can reach levels of 4-5 MN/m 2 , as has been demonstrated by finite element analysis (McNeice 1974) , so that a more than"adequate safety margin exists.
Potentio-kinetic measurements showed a 4-to 5-times increase in apparent current density. As the porosity resulted in a 5-times increase in surface area, this indicates that the actual activity of the system per unit surface area is the same for coated and uncoated parts (Cameron et al. 1974a) . Shear strength testing of small porous discs which had been implanted in rats for two years showed no loss of mechanical properties and metallographic examination indicated no evidence of corrosive attack (Cameron et al. 1974a) .
Biological testing
Small discs of porous materials were implanted subcutaneously and intramuscularly into rats for periods of time up to two years. No increased occurrence in tumour formation was noted, and no chronic inflammatory reaction was observed. Indeed, it was found that the fibrous tissue envelope surrounding the porous-coated implant was much thinner than that surrounding the cast control, indicating that once fibrous tissue ingrowth had occurred into the porous implant, the implant tended to move with, rather than in relation to, the surrounding tissue with movement of the rat (Cameron et al. 1974a ). This observation has been of extreme importance in relation to the design of tips for leads for cardiac pacemakers (M~Gregor et al. 1979) .
. It has been shown that bone will rapidly infiltrate the pores of this porous metal system within a three-week period if the implant is held tightly against the bone , and this bone ingrowth will occur with the part under stress (Cameron et:al. 1972 (Cameron et:al. , 1974b provided that no movement of the implant against the bone occurs. If there is significant movement then bone ingrowth will not occur (Cameron et al. 1973) ,indicating that some form of initial mechanical fixation of an implant is necessary. Optimum pore size for rapid ingrowth has been determined as being from 50 to 400 Jl (Bobyn et al. 1980a) and it has been shown that a multilayer coating is necessary to provide'tensile strength (Bobyn et al. 1980b ).
The strength of the bone/porous metal bond has been repeatedly tested and it has been found to be around 13 MN/m 2 • Tetracycline labelling experiments have demonstrated that the bone within the pores is alive and capable of 'turn over' after a 6-month period (Pilliar et al. 1975) . The optimum coating thickness chosen was 800 J..l, as it has been shown that bone will grow completely down to the substrate metal with this depth of coating.
It has been found that ultrasonic vibration applied to a small implant can release sufficient energy to shatter the bone spicules as they enter the porous coat. With large implants, however, direct coupling of the probe head to the implant is necessary and even this is not entirely satisfactory as nodal points remain where no movement occurs .
Clinical trials A few porous-coated staples have been inserted to stabilize tibial osteotomies, and some porous-coated Smillie pins to fix osteochondral fractures. None of these have shown any evidence of loosening and none have required removal. Encouraged by this, the Macnab total shoulder was developed specifically for use with a porous coating. Over 40 of these have now been inserted over a five-year period (Cameron et al. 1978) . To date only one has shown any evidence of loosening. The shoulder which became loose was painful from the time of insertion, and when it was removed six months later it was found to be infected with Staphylococcus aureus. Animal experiments later showed that no bone ingrowth occurred in the presence of infection (Cameron et al. 1977 ).
A hip replacement was then developed. This had a modified Matchett Brown stem. The distal three inches were circular in cross-section and could be introduced by hand, thus ensuring that the prosthesis was central within the canal before firm driving of the proximal two inches was commenced. In Toronto, it was felt that clinical trials should be begun in situations which would normally call for a Moore prosthesis and that these patients should be treated in a similar manner with mobilization. The broach used was 3 mm undersized and was driven down to cut a single narrow channel into which the prosthesis was impacted to provide initial excellent stability.
Thirty-four implants were initially inserted and their progress has been watched over 3 years. The reason for implantation was a Garden III or IV subcapital fracture in 32 and, avascular necrosis in 2. The average age was 76. By three years,'8 patients had died, 4 had been revised and 2 lost to follow up, leaving 20 for review.
Intraoperative complications for the 34 hips included 3 proximal femoral fractures due to an inadequate back cut into the trochanter, with consequent varus insertion of the prosthesis. There was one immediate infection which cleared with debridement and irrigation. In the immediate postoperative period there was one dislocation treated by closed reduction, and two cases of pulmonary embolii. Late complications consisted of sinkage of I em in one case, loss of acetabular articular cartilage and myositis ossificans in 3, being severe in the patient who initially had been infected.
Revision to total hip replacement was carried out in 4 cases: one for loosening following proximal femoral fracture at the time of insertion, and 3 for pain. In one the pain was present from the time of insertion and infection was suspected but never proved. One developed pain at six months and again infection was suspected as the subsequent total hip became infected. One developed pain at one year after very strenuous activity including walking twelve miles per day along a sandy beach. In this case loss of acetabular articular cartilage was probably the cause ofpain. In revising the latter case no bone ingrowth was found, but the fibrous tissue ingrowth into the prosthesis was so dense that when the prosthesis was hammered out a shell of cancellous bone attached to the distal half of the prosthesis was pulled out. The tissue attached proximally was divided with a thin narrow osteotome. In the other three cases, only weak fibrous tissue ingrowth was found.
Of the 20 reviewed, 9 had no pain, 7 slight pain, and 4 mild pain. As has been found in other studies of Moore-type prostheses (Anderson et al. 1964) , those who were most active tended to have more pain. The vast majority of patients scored badly in the functional activities section, but then many of these patients scored equally badly prior to their hip fracture. Range of movement was good in all cases. The overall Harris Hip Rating was excellent in 3, good in 4, fair in 6, and poor in 7.
Fifty percent of those with a hip still in place developed a radiolucent line around the prosthesis beginning at 6 months, and at the end of one year all of those demonstrated sclerosis aound the tip of the prosthesis (Figure 1 ). The presence of this radiolucent line could not be correlated with pain.
Bone growth did not occur in these cases for several reasons. Firstly, the patients were not ideal in that the bone was probably too osteoporotic to sustain this type of implant. Indeed, 3 of these patients required bone grafting at the time of implantation as the cancellous bone was extremely soft. Both H Mittlemeier and R Judet (personal communication) believe that severe osteoporosis is a contraindication to attempting cementless fixation. Secondly, the patients were all allowed immediate full weight-bearing. In retrospect, it seems reasonable to keep such patients non-weight-bearing for at least four to six weeks to allow the broken trabeculate to heal and bone ingrowth to start. Thirdly, only one size of implant was available so that close cortical matching was fortuitous rather than planned. Close cortical matching is important in that trabecular bone closer to the cortex is very much stronger than the central trabecular bone (Halawa et al. 1978) . Fourthly, the pore size of the implant was only 100 Jl•-Bone has an elastic modulus of 3 x 10 6 psi and cobalt chrome 36 x 10 6 psi. When such a combined system is loaded, if one end is fixed the differential strain rates indicate movement of at' least 25 Jl at the other end of the prosthesis, which in many cases might have been sufficient to reduce the effective pore width to a critically narrowed state. In spite of this, it is worth noting that the sinkage rate was only 5% as opposed to the reported rate of 17% from Moore prostheses (Anderson et al. 1964) and even 11% for cemented Thompson prostheses when used for subcapital fractures (Sadr & Arden 1977) . Perhaps fibrous tissue ingrowth only is desirable; after all, teeth are held in place by the periodontal membrane which is orientated fibrous tissue. Such a layer of tissue could act as a shock absorber and prevent stress-relief osteoporosis.
As a result of these observations a Mark II prosthesis has been developed which has a pore size of 150-300 Jl and comes in three stem sizes. The protocol now calls for keeping these patients non-weight-bearing for 6 weeks.
While stress-relief osteoporosis was not seen in this group of patients, further work on porous-coated bone plates showed an alarming tendency for it to develop when full bone Figure I . A porous-coated endoprosthesis which has been in place for 3 years. Cortical matching is good only at distal end of prosthesis. Implant surrounded by a peri-implant bone plate which is separate from the prosthesis except distally. The prosthesis' is attached to this peri-implant bone plate by dense fibrous tissue only, except distally where true bone ingrowth may have occurred. There is no evidence of stress-relief osteoporosis ingrowth was found . In the course of testing a porous-coated total knee replacement in dogs, extreme osteoporosis of the distal femur could be induced when the stem of the femoral component became fully ingrown by bone (Bobyn et al. 1981) .As a result of these observations, animal experiments have been planned to compare the results of fully coating the stem of a hip prosthesis and porous coating the proximal end only. The results of this experiment may have an important bearing on the design of future hip implants.
